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Abstract
Gaseous discharges contain ions in a number of charge states. Collisions
between these ions and atoms in the discharge result in the production of excited
ions and atoms as well as free electrons. Single electron capture collisions
involving doubly charged ions with atoms are particularly important in determining
the behavior of the discharge since they result in two ions with one generally
in an excited state. Such collisions are not well understood. In this context
+
we have studied electron capture in Ar2 + Ar because of the importance of argon
as a discharge gas and because there were substantial difficulties in under-

standing single electron capture processes in the collision.

Prior to this work, and as late as July 1982, published results on single

electron capture in Ar2+ + Ar identified the dominant channels as Ar+(2P)+Ar+(2P)

and Ar+(2P)+Ar+(333p6). Capture to Ar+(3s3p6) was particularly difficult to
understand and raised fundamental questions about the underlying theory. We have
shown however that the final states are of the type Ar+(2P)+Ar+(3523p4n2) with nf
being predominantly 3d and 4p at low keV energies. Our laboratory has measured
the cross sections for the important final channels in the single electron
capture collisions as well as for the direct scattering and for the double elec-

tron capture cases. 1t 1s particularly interesting that the direct scattering

does not occur with Ar target excitation as was found in Ar+ + Ar. We have also
2+ .
shown that long lived highly excited states of Ar~ make important contributions

to the charge exchange. We interpret our results and propose a simple model of

the colldision.




Introduction

There is currently a substantial effort being devoted to studying charge-
exchange in lon-atom collisions. This is due in large part to the importance of
charge-exchange collisions in gaseous discharges and to the challenges presented
to the theory by the electron rearrangement. Exchange processes involving singly
charged ions and atoms have been investigated in detail both experimentally and
theoretically for a number of years and are now reasonably well understood.
Electron capture processes involving doubly (and multiply) charged ions are not
yet well understood.

A single electron capture collision between a doubly charged ion and an atom
yields two ions with one generally in an excited state. Single electron capture
in Ar2+ + Ar is of particular interest at this time since it has been studied
for a number of years and there are still substantial difficulties in understand-
ing the colliéion. Electron capture in Ar2+ + Ar is discussed in References 1-7
where citations to the earlier literature are given. Two recent studies of this
collision™”~ conclude that the dominant single electron capture processes result
in ArT(%P) + Art (3s3p%) and ArT(%P) + Art(%P) final states. The art(%P) + Art
(3s3p6) channel (ground state + first excited state) is particularly difficult
to just:ify1 since it is excited via a two electron process. These recently
reported experimental studies were made at energiles in the range2 554 to 1446 eV
and at 540 eV.3 We report result38 at somewhat higher energies and conclude
that the dominant small angle processes are of the type Ar2+(3P) + Ar > Ar+(2P) -+
Ar+(3sz3p4n1) with nl primarily being 3d and 4p.

It is useful to understand the single electron capture processes in Ar2++
Ar gince the basic problems in the Argon Case are chargcteristic of those

agsociated with collisions involving multiply charged ions with atoms. 1In the
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general éollision of this type there are various final charge and excited state
configurations that lie close in energy. Before such collisions can be well
understood it is essential to resolve questions involvirg the relative importance
of the two vs. one electron process in single electron capture, the applicability
of spin conservation, the relative important of exothermic channels, and the role
of excited projectile states.

Single electron capture in Ar2+ + Ar 1is studied at low keV energies and for
scattering angles out to one degree to address the above problems. We justify
the assignment of Ar+(2P) + Ar+(3sz3p4nl) as the important final states and
present differentlial cross-sections for the dominant processes. Our studies
show contributions to the scattering from highly excited and long lived final
states in thg beam as expected.l’9 In addition we present results for the direct
scattering and for the double electron capture collisions., We find that the
direct Ar2+ + Ar collision shows no Ar excitation in the t=E§ (reduced scattering
angle=beam energy x scattering angle) range studied. This is particularly inter-

3.
esting since the Ar + Ar collision resulted in excitation of Ar(4s and 4p) in

the same 7 range.lo




Experimental Technique

The basic experimental techniques have been discussed in earlier papersll-14
and are only briefly summarized here. A mass analyzed and well collimated Ar2+
beam is dirgcted into a scattering cell containing the Ar target gas. The beam
scatters under pingie collision conditions into a detector chamber which rotates
about a point in the scattering cell. The séattered ions are then energy analyzed
using a parallel plate electrostatic energ& analyzer. The neutral component,
resulting from double electron capture collisions, passes through the analyzer
to a detector positioned beyond it.

In Ar2+ + Ar - Ar+ + Ar+'the final states are identified using AE, the
measured kinetic energy loss or gain of the scattered Ar+. Since the Ar+ energ&
spectra have no reference peak from which the AE can be determined, it is neces-
sary to measure both the incident Ar2+ and scattered Ar+ beam energies and use the
known electrostatic energy analyzer constant to find AE. This requires the
analyzer voltage to be increased by about a factor of 2.in switching between the

2+

incident Ar andAthe scattered Ar+ beams. In addition to this problem, contact

potentials in the electrostatic energy analyzer circuit lead to uncertainties in
assigning the’epefgf a; the peaks of the Ar+-spectra. Because of the change in
chargekstate, the presence of contact potentials in the scattering cell as well
can result in additional errors of about one eV in the measured AE values. 1In
the present work the above problems are resolved by using Ar2+ + He + Ar+ + He+
collisions as an energy reference. In this case the possible final states are
far apart in AE.ls Figure 1 shows composite spectra (peaks A and B) for Arz+ +
Ar - Ar+ + Ar+ at an energy E = 2.9 keV and laboratory scattering angle 6 = 0.15

2+

deg, and a reference (peak R) from Ar~ + He » Ar+ + He+ at E= 2.9 kev, 8 = 0
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Figure 1. Composite spectra showing E = 2.9 keV Ar+ + Ar -+ Ar+ + Ar (A and B)

at 0.15 deg. and Art + He » Art + Het (R) at O deg. Peak R _serves as

an energy reference and corresponds to ArZt(3p) + He + Art(2p) + Het
(28): Q = 3 eV. Peak B at this angle has its maximum at Q = -6.4 eV
and is attributed to Art(2p) + Ar+(3s23p43d). At all angles this peak
1s due to final Art(2p) + Ar+(3323p4n1) states. Peak A has a Q = 5.6 eV

and moves toward the right, corresponding to larger positive Q values,
with increasing scattering angle.
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deg.» The reference peak is éssigned to Ar2+(3P) + He > Ar+(2P) + He+ (ZS) with
AE = 3 eV (agreeing to within one eV with the value computed using the known
analyzer constant). The reference peak is obtained at 0 deg to avoid having to
make a correction for the kinematically required energy loss at non-zero scatter-
ing angles. Using peak R as a reference, peak B in Figure 1 has a Q value (the
endothernic or exothermic energy = AE—E62 at small anglesl3) at the peak maximqm
of -6.4 + 0,25 eV. At the scattering angle shown in Figure 1 this energy loss

2+ .3

corresponds to Ar° ("P) + Ar + Ar+(2P) + Ar+(3§23p43d). At larger angles peak

B shows structure attributed to the presence of a second state (Q = -7.4 + 0.25 eV)
and to weaker contributions from higher excitedvstates. Peak A in Figure 1 {is

due to an exothermic process with Q@ = +5.6 eV at this scattering angle (Q at thé
maximum of the spectrum is found to depend on6).

Figure 2 is an energy spectrum of Ar+ at E = 2.9 keV, 6 = 1 deg. for AE in a
range to +28 eV. The figure shows structure at energles corresponding to Ar2+(3P
and 1D) + Ar -+ Ar+(2P) + Ar+(2P) but stronger contributions from other states are
clearly present. Highly excited states of Ar2+ are responsible for the additional
features in the spectrum. Electron capture to g:ound state Ar+(2P) + Ar+(2P) from
Ar2+(3P), (1D),>and (IS) would result in Q values of +11.8, +13.6, and +16 eV
respectively (all exothermic).. Capture to Ar+(2P) + Ar+(333p6, 28) (the lowest
lying excited configuration) from these initial states would give rise to Q values

of -1.6, +0.1, and +2.5 eV respectively. The measured Q of +5.6 eV in Figure 1

caanot be explained by an Ar2+ beam in any of the three generally expected states.

2+
We attribute peak A at this angle to highly excited states such as Ar (1P°) and
(SDO) lying about 18 eV above the ground state15 and which are expected to be

long lived.
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Experimental Results and Interpretations

The single electron capture in Ar2+ + Ar is found to involve both endothermic

processes (B) and weaker exothermic processes (A). Figure 3 shows p = 020(6) (the
reduced cross section = 62 x the differential cross section) at energies of 2.4,
2.9, and-3.5 keV for peak B corresponding to Ar2+(3P) + Ar + Ar+(2P) + Ar+(3sz3p4n1).
Measurements made at other energies in the range shown are found to be in agreement
with the results in Figure 3 but are not plotted. For the t range studied the
dominant processes in B correspond to those with |Q| > 6.4 eV and are consistent
only with final At+(2P) + Ar+(3823p4n1) states. The behavior of the p vs. T plot
suggests that the electron capture occurs via curve crossing mechanisms.14

A detailed study of peak B is made at E = 2.4 keV. At small angles the single
eléctron capture channels primarily reSu1t in two final state configurations (the
spectra do howe&er show evidenéerf small contributions from additional states).
The following assumptions are made in identifying the final states: (1) The col-
lision involves the capture of a single eléctron from the Ar by the Ar2+ which
provides an unchanged core for thg final Ar+ state. (2) The Wigner spin rule
applies.1 Using the known ionization potentials and energy levels15 the dominant
single electron capture processes for the measured‘Q values of -6.4 and -7.4 + 0.25
eV are consistent with Ar2+(3P) + Ar > At+(2P) + Ar+(3sz3p43d) and Ar+(2P) +
Ar+(3323p44p). Figuré 4 ghows p vs. T plots for the two dominantAfinal channels.
The similar envelope of-these‘curyes suggests that the ﬁwo final channels are
excited by a common primary interaction. The structure of the curves shows
phase differgnces poséibly due to branching at larger internuclear separation.

2

The direct scattering, Ar2+ + Ar > Ar + + Ar, does not result in Ar excita-

tion in the T range studied. This is unlike the case in Ar+ + Ar where target

excitation to 48 and 4p was found in this t range.lo The reduced cross section
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Figure 3. The reduced cross section for Ar2+(3P) + Ar » Ar+(2P) + Ar+(3823pan1)

at energies of 2.4, 2.9, and 3.5 keV. These are found to be the

- important single electron capture processes in the 1 range studied.
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Figure 4. The reduced cross sections at E = 2.4 keV for the dominant processes
in the single electron capture collisions. The ondothermic processes
pnmarlly are due to @ actt (3 P) + Ar -+ Art + At (342 3p 3d) and ©
Ar2t(3p) 4 Ar » Art + Art(3s23p%4p) in the 1 ranpe shown.
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. potential energy curves do not cross {at large internuclear separation).
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for the direct scattering is shown in Figure 5 at cnergies of 2.4 and 3.4 keV.

The p vs. 6 plots show approximately similar structure including maxima at

common § values of 0.1, 0.4, 0.55, and 0.75 deg. This behavior is expected

when resonant charge exchange channels are available.16’17 Figure 6 shows the

cross sections for the direct scattering and for the double electron capture

collisions. The phase differences between the two cross sections are clearly

seen showing that the major losses from the direct scattering (in this ¢ range)

are due to double electron capture collisions.

The behavior of the exothermic collisions is seen by comparing Figures 1

and 2, At 8 = 0.15 deg the maximum is at a Q = 5.6 eV and at 6 = 1 deg it is

near 10 eV, The region of maximum intensity is displaced to larger Q with increas-

ing 8. Figure 7 shows p vs. T plots for three processes corresponding to Q values

of (a) +5.6 eV, (b) +10.4 eV, and (c) +11.6 eV. Within experimental error (c) is

attributed to Ar2+(3P) + Ar > Ar+(2P) + Ar+(2P). Processes a and b require the
presence of highly excited Arz+ states. The exothermic processes in this study

are weaker than the endothermic ones (at E = 2.9 keV, 6 = 1 deg they differ by

an order of magnitude).

Electron capture resulting in Ar+(2P) + Ar+(3323p4n1) configurations in small

angle Arz+ + Ar collisions is not easily explained. 1In this collision the inci-

dent channel is weakly attractive, and the final channels are repulsive at large

internuclear separation. Since the process is endothermic the incident and final

As a

starting point in our understanding of the collision we propose a simple model

where the final states can be populated via couplings with a strongly attractive

, 2+ *
intermediate state, such as oune associated with Ar + Ar , which crosses the

incident and final channels.8 Figure 8 shows several potential energy curves for
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Figure 5. 7The reduced cross sections as a function of scattering angle for the

direct scattering, Ar 4 Ar » Arlt 4 Ar, at energies at 2.4 and 3.4 keV.
No target excitation is seen in the angular range studied and the

structure at these angles is due to losses to the electron capture
channels.
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Figure 7. The reduced cross sections for the important processes contributing to
: the exothermic single electron capture channels. The peaks labelled
a, b, and c correspond to processes having Q values of about 5.6, 10.4,
ans 11.6 eV respectively. Within experimental error (c) corresponds to
Ar +(31’) + Ar + Ar+(2P) + Ar+(2P). Processes a and b are due to highly
excited states in the incident Art beam.
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+
the Ar2 + Ar and Ar+ + Ar+ systems. The curves for Ar2+ + Ar are plotted using

a potential energy V(r) = —Zaezlr“ where a is the polarizability of Ar (1.64 x

24 cm3),18 e is the electronic charge, and r is the internuclear separation.

: * * -
The curve for Ar2+(3P) + Ar 1s plotted for Ar (4s) with a = 48 x 10 26 3 Vana

10

is displaced at infinite separation by 11.5 eV above the Ar2+(3P) + Ar. Curves

corresponding to several Ar+ + Ar+ states ate plotted using a Coulomb potential.
Within the proposed simple model, excitation of art o+ Ar+(3523p4n1) involves a
two step process: (1) An initial crossing between the incident Ar2+(3P) + Ar
potential energy curve'and one corresponding éo a state such as Ar2+(3P) + Ar*

and (2) A transition (occuring near r = 4.5 %) from this intermediate state to

Ar+ + Ar+(3s23p4n1). The behavior of the reduéed cross section for peak B

‘(Figure 4) is conmsistent with excitation of final states following a single

primary interaction. In addition the peaking of p at small angies is -expected
from a potentialvthat has both attractive and repulsive sections.14 The.Ar2+ +
Ar* is depopulated by crossings with the Ar+ + Ar+(3823p4n1) states, and the
direct inelastic scattering should be weak (as found). Although the intermediate
state also crosses act + Ar+(3s3p6), this channel should only be weakly excited
since 1t involves a two electron transition at the crossing.

The Q values found for peak A are not consistenﬁ with {its excitation from
only the 3P, 1D, andls components of an Ar2+ beam. The peak can be explained
by referring to Figure 8. One incident state contributing to the peak is assﬁmed
to lie about 18 eV above the ground state, Ar2+(3P) + Ar, at infinite separation.
The potential en:rgy curve for the state 1s essentially parallel to that-of the
ground state and it crosses potential energy curves of highly excited final

.
states of Ar+ + Ar+ such as shown. Only one crossing is required for the single

electron capture. For a given incident state, as the distance of closest approach




-16-
N
h
| *
F " a _¢Ar2* + Ar
[!! " A A
" b )
~ : L ArtsArt”
> i J<Art+Art
g 2 00F L= ITAr(3p)+ Ar*
. —
d / 4 B 4
o | N — —J<Ar*+ Ar*(353p"n))
. s ! ] 6
- 3:_‘ [ p <Art+ Ar*(3s 3p7)
: = [ — <Ar2* (‘D) + Ar
- 5.0 10.0"] P
i /C ! .
I INTERNUCLEAR DISTANCE |
o
- 1
10.0 | . Art +Art
E : ‘ 2+ + +
T Figure 8. Potential energy curves for selected states in Ar ~ + Ar and Ar + Ar .
t. These simplified potential energy curves assume only a long range ion-

atom interaction and a Coulomb repulsion to illustrate a model of the
collision. The spacing between states at infinite separation is
obtained from Ref. 15. Ar2t(3p) + Ar* corresponds to Ar*(4s). The
Art + Art(3s23p4nl1) is plotted for the lowest level which lies 16.4 eV
above the ArT + Art ground state. All other states corresponding to

nl configurations lie above it, Ar2+(3P) + Ar -+ Ar+ + Ar+(3323p4n1)

can be populated at small angles by a process resulting from an initial

transition to Ar2*(3P) + Ar* near r = 3X followed by a transition

from this intermediate state to Ar* + Art(nl) near r = 4.5 X. Since
the intermediate state crosses a large number of Art + Art(nl) curves
the direct inelastic scattering is weak. FExcitation of Ar+(3s3p6) is
weak since it ipvolves a two electron transition. Exothermic pro-
cesses are due to interactions near points a, b, and c.
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in the collision decreases, the scattering angle increases and the crossings
populate lower lying final states. This results in an increase in Q value with
increasing scattering angle and is in agreement with the experimental findings.

The single crossing between the incident Ar2+(3

P) + Ar curve and the final ground
state curve results in (c).

The suggested collision model accounts for the important features of the
single electron capture collisions and serves as a starting point in a rigorous
theoretical treatment of the argon and similar problems. A careful analysis of -
the collision problem requires a detailed knowledge of the potential energy
curves near the level crossings of interest and of the strength of the couplings
between the states. Theoretical workzo is underway to analyze the present |
results, by not only estimating the total cross section but also calculating

the angular distribution of the final products involving different excited

states, It should provide additional tests of the proposed reaction model.
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Conclusions
t‘j This study resolves several problems previously associated with single
L electron capture in low keV energy Ar2+ + Ar collisions. The dominant processes
[ are found to be of the fype Ar2+(3P) + Ar » Ar+(2P) + Ar+(3823pan1). Detailed
’!! measurements show nl to be 3d and 4p at E = 2.4 keV. The present results are

interpreted using the Wigner spin rule and the single electron capture involves
a one electron process where the incident Ar2+ provides the core structure for

the outgoing Ar+ ion. The differential cross sections obtained suggest that

e aae

single electron capture at small angles involves a strongly attractive inter-

mediate state which couples the incident to the final channels.

Weak exothermic processes are found and in the present study are attributed
primarily to highly éxcited and long 1ived Ar2+ states. Although such states
constitute an almost neéligible fraction of‘the,Arz+ they can have very large
crogs sectlons for electron capture and fesult in final Ar+* states lying more
than 20 eV above the ground sﬁate.

The direct scattering in Ar2+ + Ar occurs with no Ar target excitation in

the v range studied (v < 3.5 keV deg). The cross section shows structure

pfimarily due to double electron capture,
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